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LIFT AND DRAG CHARACTERISTICS OF THE HL-10 LIFTING BODY
DURING SUBSONIC GLIDING FLIGHT

Jon S, Pyle
Flight Research Center

INTRODUCTION

The concept of manned entry vehicles capable of performing horizontal landings
has been the subject of numerous theoretical and experimental studies. Among the
many entry configurations studied, extensive wind-tunnel tests were performed to
develop an entry shape designated the HL-10 (refs. 1 to 5). In conjunction with these
tests, a full-scale HL-10 lifting body vehicle was constructed for use in flight tests
through the subsonic, transonic, and supersonic Mach number regions below 2, 0. These
flight tests are being performed to define the handling characteristics and the landing
capability of the vehicle and to confirm the theoretical and wind-tunnel predictions of
its stability, control, and performance characteristics.

This paper defines the lift and drag characteristics of the HL-10 vehicle in four
configurations over a Mach number range of 0. 35 to 0. 62 and at angles of attack from
5° to 26°. The flight results, where applicable, are compared with full-scale and
small-scale wind-tunnel results and the flight results obtained on an earlier manned
lifting body entry vehicle, the M2-F2 (ref. 6).

SYMBOLS

Physical quantities in this report are given in the International System of Units (SI)
and parenthetically in U. S. Customary Units. The measurements were taken in
U. 8. Customary Units, Details concerning the use of SI, together with physical
constants and conversion factors, are given in reference 7.

A

—SE nondimensional cross-sectional area, perpendicular to the vehicle longi-
tudinal axis

a; longitudinal acceleration, ratio of net aerodynamic force along the vehicle
longitudinal axis to vehicle weight, g units

an normal acceleration, ratio of net aerodynamic force normal to the

vehicle longitudinal axis to vehicle weight, g units
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AM

Re

vehicle span, meters (feet)

2o

drag coefficient,

drag-due-to-lift factor

L

lift coefficient, aS

lift-curve slope per degree

aC
variation of lift coefficient with elevator deflection, 55 per degree
e

Wan
normal-force coefficient, e

Wa
axial-force coefficient, N

drag force along flight path, newtons (pounds)

gravitational acceleration, 9.8 meters/ second? (32. 2 feet/second?)
lift force normal to flight path, newtons (pounds)

lift-drag ratio

free-stream Mach number

indicated Mach number

Mach-number error, M - M/

Reynolds number, based on vehicle length



Ap

corrected static pressure, newtons/meter? (pounds/footz)

indicated static pressure from nose boom, newtons/ meter? (pounds /foot2)
position error in static pressure, p/ - 1, newtons/meter?2 (pounds/ footz)
dynamic pressure, newtons/meter? (pounds/ foot?2)

reference area, body planform, meters?2 (feetz)

vehicle weight, kilograms (pounds)

ratio of distance from nose of vehicle to an arbitrary point along longi-
tudinal axis to total vehicle length

true angle of attack, o,, +Aa,+ Aa_ + Aoz6 + Aac, degrees

B q

m

measured angle of attack, degrees

angle of attack correction at 0° angle of attack, due to angular difference
between nose-boom incidence and the vehicle's longitudinal axis,
degrees

angle-of-attack correction for effect of pitching rates on angle-of-attack
vane, degrees

angle-of-attack correction for nose-boom bending due to normal force,
degrees

angle—of—a%ack correction for effect of upwash factor on angle-of-attack
o

vane, Oy, degrees

m

elevon deflection, degrees

speed-brake deflection, degrees

root-mean-square error



Subscripts:

max maximum
mean average between right and left elevon deflections
min minimum

VEHICLE DESCRIPTION

The HL-10 is a wingless, lifting configuration with a delta planform and negative
camber. Heating was not a problem at the low Mach numbers of these flight tests,
therefore aluminum was the primary material used to construct the vehicle's semi-
monocoque structure. The pertinent physical characteristics of the vehicle are pre-
sented in table 1, and photographs are shown in figures 1(a) and (b).

TABLE 1. PHYSICAL CHARACTERISTICS OF THE HL-10 VEHICLE

Body —
Reference planform area, meters2 (feet2). . . . . . .. ... .. .. 14,9 (160)
Length, meters (feet). . . . . . . . . . . . . .. ..o 6.45 (21, 17)
Span, meters (feet). . . . . . . . . . ... . L oo 4.15 (13. 6)
Aspect ratio (basic vehicle), -]-OS— ................... 1.156
Weight, including pilot, kilograms (pounds). . . . . . ... ... .. 2722 (6000)
Center of gravity, percentage of reference length. . . . . . .. . .. 51.8
Base area:
Configuration A and B, meters2 (feet2), . . . . . ... ... ... 1.38 (14. 83)
Configuration C, meters? (feet2) , . . . . . ... .. ... .... 1.57 (16. 98)
Configuration D, meters2 (feet2) . . . . . .. ... ........ 2.71 (29. 13)
Elevons (two) —
Area, each, meters2 (feet2) . . . . . .. . .. ... ... ... 1. 00 (10.72)
Span, each, parallel to hinge line, meters (feet) . . . . . .. . . .. 1.09 (3.58)
Chord, perpendicular to hinge line:
Root, meters (feet) . . . . . . . . .. .. .. ... .. 0.59 (1.93)
Tip, meters (feet). . . . . . . . . . . . .. .. Lo o ... 1.24 (4. 06)
Elevon flaps (two) —
Area, each, meters? (feet?) . . . . . . . .. .. ... 0.70 (7.50)
Span, each, parallel to hinge line, meters (feet) . . . . . . . . .. . 1. 09 (3.58)
Chord, perpendicular to hinge line:
Root, meters (feet) . . . . . . . . . . . . ... .o 0.48 (1.58)
Tip, meters (feet). . . . . . . . .. . ... ... 0oL 0.80 (2. 63)
Vertical stabilizer (one) —
Area, meters? (feet) . . . . . . . . . .. e e e 1. 47 (15, 8)
Height, trailing edge, meters(feet) . . . . . .. .. ... ... ... 1.53 (5. 02)
Chord:
Root, meters (feet) . . . . . . . . . . . . ... ... . 1.32 (4. 32)
Tip, meters (feet). . . . . . . . . . . . . . o000, 0.60 (1.97)
Leading-edge sweep, degrees . . . . . . . . . . . ... oL 25
Rudders (two) —
Area, each, meters2 (feetz) ...................... 0.41 (4.45)
Height, each, meters (feet) . . . . . . .. ... ... ... .. ... 1.26 (4.12)
Chord, meters (feet) . . . . . . . .. . .. . ... ... 0. 33 (1.08)
Outboard tip-fin flaps (two) —
Area, each, meters? (feetz) ...................... 0.35 (3.77)
Height, hinge line, meters (feet). . . . . . . . ... ... ... ... 1.37 (4. 50)
Chord, perpendicular to hinge line, meters (feet). . . . . . .. . .. 0.26 (0. 84)
Inboard tip-fin flaps (two) —
Area, each, meters® (feet2) . . . . . . .. ... ... ... ..... 0.23 (2.48)
Height, hinge line, meters (feet). . . . . . . . .. ... ... .... 1.01 (3. 31)
Chord, perpendicular to hinge line, meters (feet). . . . . . .. . .. 0.23 (0.75)



(b) Gear down.

Figure 1. HL-10 vehicle.

Figure 2 is a three-view drawing of the vehicle with dimensgiong and control sur-
faces specified. The elevons, which are the primary control surfaces, provide both
pitch and roll control; the rudders, located on the center vertical stabilizer, provide
directional control and function as speed brakes with symmetrical outward deflection.
In addition to the primary control surfaces, secondary surfaces are located on the tip
fins and the upper surfaces of the elevons., These secondary surfaces are used to
change the vehicle configuration during flight and are adjustable by the pilot.
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Figure 2. Three-view drawing of HL-10 vehicle. (Dimensions in meters (feet)).

Configurations A and B (fig. 3) were designed for maximum vehicle stability in the
subsonic Mach number region (M < 0.6). Configuration A was used during the full-
scale wind-tunnel tests (ref. 8) and the initial flight test. However, during the initial

Configuration A

Outboard, 0°
—_— (=
Inboard, 0°
Speed brakes, 0° Elevon flap, 0° Tip-fin flaps
Rudders and l‘ o
speed brakes <L Tip fin Configuration B Outboard, 0°
Inboard f —T O
Outboard Inboard, 0°
Speed brakes, 0° Elevon flap, 0° Tip-fin flaps
: Elevon flaps
S Configuration C Outboard, 4.5°
—_— =
Inboard, 5°
Speed brakes, 0° Elevon flap, 3° Tip-fin flaps
Elens~ Configuratiop D
Outboard, 32.5°
== —
Inboard, 30.5°
Speed brakes, §° Elevon flap, 30° Tip-fin flaps

Figure 3. HL-10 secondary control surfaces in alternate configurations.



flight test, a severe flow disturbance was
encountered on the vehicle's upper surface.
To alleviate the control and performance
problems caused by this flow disturbance,
the leading edges of the tip fins were

. . drooped (fig. 4) to divert additional flow
Section drawing over the vehicle's upper surface, This
modification is the only physical difference
between configurations A and B (fig. 3).

Cross-section view
After preliminary tests with configu-

ration B, an interim configuration (C) was
used. For this configuration small changes
were made in the deflections of the second-
ary control surfaces (fig. 3) which increased
the vehicle's usable angle-of-attack range
but did not significantly alter its longitudinal-
stability characteristics. Subsequent flight
tests in the subsonic Mach number region

(M < 0. 6) were made with configuration C.

Inboard Original contour

Outboard

Figure 4. HL-10 tip-fin modification.

To alleviate stability problems encountered at the higher Mach numbers, the
secondary control surfaces were deflected significantly (fig. 3, configuration D).
Deflecting these surfaces increased the base area of the vehicle and thus resulted in
greater longitudinal stability at Mach numbers above 0. 6 (transonic Mach number
region),

Figure 5 shows the variation of the nondimensional cross-sectional area of the
vehlcle with percent of body length. The wing loading was approximately 183 kllo%rams/
meter?2 (37. 5 pounds/foot2), based on the reference planform area of 14, 9 meters
(160 feet2). The center of gravity for these tests was approximately 51. 8 percent of
the reference length,

2

Configuration D

Configurations A and B

s Configuration C

~ % {pl—

Figure 5. HL-10 cross-sectional-area distribution.



TEST CONDITIONS

Flight

The flight lift and drag results presented were obtained during glide flights of the
HL-10 vehicle with the landing gear up, following launch from a B-52 airplane. The
data were obtained at altitudes below 13, 700 meters (45, 000 feet) and at Mach numbers
between 0, 35 and 0. 62. The vehicle angle of attack was varied from 5° to 26°, and the
Reynolds numbers ranged from 25 X 106 to 62 X 106, based on the vehicle length of

6. 45 meters (21, 17 feet).

Wind Tunnel

Full scale,— Prior to the flight tests of the HL-10 vehicle, wind-tunnel tests were
conducted with the flight vehicle in the NASA Ames Research Center's 40~ by 80-foot
wind tunnel (ref. 8). The data were obtained with the tip fins in the original contour
(fig. 4), thus they are compared with the flight data obtained from the vehicle before

the tip-fin leading edges were modified.

Small scale,— A 0, 063-scale model of the HL-10 vehicle was tested in the NASA
Langley Research Center's high-speed 7- by 10-foot wind tunnel (ref. 9). Tests were
made with the model in configuration A (unmodified tip-fin contours), B, and D (modified
tip-fin contours). The wind-tunnel tests were conducted over a Mach number range of
0.35 to 0.9. The test Reynolds number varied from 2.7 X 106 to 4. 0 X 106, based on
the model length of 0.403 meter (1. 322 feet).

Base pressure measurements were obtained during the small-scale wind-tunnel
tests. The effects of sting interference on the model base pressures and on the flow
over the surfaces ahead of the base were assumed to be negligible, although adequate
wind-tunnel and flight base-pressure measurements have not been compared to sub-

stantiate this assumption,

The wind-tunnel drag results were adjusted for approximately an order-of-
magnitude difference in Reynolds number between the flight and model tests. This
adjustment was derived from the Kdrmdn-Schoenherr flat-plate relationship modified
for compressibility effects by the method of Sommer and Short (ref. 10). The resulting

increment of drag was applied to the model values of Cp and -%— as a constant re-

duction of drag coefficient of 0. 0035 and are shown in the following discussion as an
adjustment to the small-scale wind-tunnel results. Three-dimensional and lift effects
on this increment were assumed to be negligible; similarly, the viscous effects attrib-
utable to scale differences on parameters other than drag were not considered.

METHOD OF MEASUREMENT

Measurements of normal and longitudinal accelerations were used to determine



lift and drag. The equations used in this method are developed in reference 11. The

following relationships apply to the data presented:

CL=CNcosa—CXsina

CD=CXcosoz+ CNsina

INSTRUMENTATION

Description

The accelerations of the HL-10 vehicle were measured by sensitive accelerometers
mounted as close as possible to the vehicle's center of gravity. Corrections to the
accelerometer measurements because of the displacement of the instruments from the

center of gravity were found to be negligible.

A standard NACA nose boom was used

to measure static and impact pressure (ref. 12) and angles of attack and sideslip.
Angle of attack was measured by a floating vane attached to the nose boom and positioned

1.5 meters (4. 8 feet) forward of the vehicle's nose.

The static- and impact-pressure

orifices were 1. 73 meters (5. 68 feet) and 1. 94 meters (6. 35 feet), respectively, for-
ward of the nose, All data obtained from the onboard instrumentation were telemetered
to ground recording stations by using a pulse-code-modulation system.

3B -

30—

20— Line of perfect agreement

g, deg 15—

(o] Wind tunnel
— — — — Least-squares fairing

o—o=
7
clas / | ! [ | 1]
-10 5 0 5 10 15 20 25 30 35
Oy, deg

Figure 6. Full-scale wind-tunnel angle-of-attack calibration
for the HL-10 vehicle. M = 0.2.

Special Calibrations

Angle of attack,— Figure 6
presents the results of an angle-
of-attack calibration of the float-
ing vane attached to the nose
boom performed at a Mach number
of 0.2 in the full-scale wind tunnel
(ref. 8). From this calibration,
an angle-of-attack correction,
A, was obtained at 0° angle of

attack which was primarily due
to the angular difference between
the nose-boom incidence and the
vehicle's longitudinal axis. The
upwash effect of the nose boom
and fuselage on the angle-of-
attack vane, Aca., was assumed

to be approximated by the difference
between the slope of the calibrated
angle-of-attack curve and the

line of perfect agreement. The
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total wind-tunnel upwash value for a Mach number of 0.2 is represented by the solid
circle in figure 7.

‘ The estimated correction for the total
Measured wind- upwash effect on the angle-of-attack vane
tunnel upwash through the subsonic Mach number range was

05— calculated as a function of o, by using the
method of reference 13, The calculated nose-
.M boom upwash is shown as a dashed line in
%1';;'5";‘:6(‘::?“1'3, figure 7. The body upwash effect was more
D% g 3l complicated to calculate because of the asym-

metric shape of the vehicle in the longitudinal

plane. However, a calculation was made by

using radii obtained from the HL-10 cross-

sectional-area distribution (fig. 5) for an

equivalent body of revolution. The calculated

body upwash added to the nose-boom upwash
1 is shown in figure 7 by the solid line; it

0 2 .4 .6 .8 L0 so1ees closely with the estimated total up-

wash obtained from the wind-tunnel results

at Mach 0.2. The correction Ac, due to

the calculated total upwash factor can thus

be obtained from figure 7 and measured angle

of attack, ay,.

== - - _ _
\Calcu lated nose-

0l boom upwash
{ref. 13)

Figure 7. Upwash factor for the HL-10 angle-of-
attack vane.

The angle-of-attack vane was calibrated for the effect of boom bending, Acg, due
to normal accelerations. A correction for pitching rate, Aaq, for the angle-of-attack
vane located 5. 35 meters (17. 55 feet) forward of the vehicle's center of gravity was
also determined. The corrections applied to the flight-measured angle of attack to
obtain the true angle of attack were as follows:

oz=ozm+Aoz,3 +Aaq+Aoz€+ Aozc

Air-data measurements.— The pressure data sensors were calibrated for static-
pressure and Mach-number position error by comparing the flight-measured static
pressure with an ambient pressure measured with a radiosonde balloon, The relation-
ship of ambient pressure to altitude was obtained by using the hydrostatic equation.
The altitude of the vehicle during flight was measured by radar, thus permitting com-
parison of the ambient pressures measured by the onboard instrumentation with the
radiosonde results. The calibration of position error as a function of indicated Mach
number is shown in figures 8(a) and 8(b).

.010 .015

L o5 AM -010—
p
0 1 l L 005 l I | !
2 3 .4 5 .6 .7 2 3 4 5 .6 7
M- M’
(a) Static-pressure error. (b] Mach-number error.

Figure 8. Position error of the airspeed system used on the HL-10 vehicle,

10



ERRORS AND RELIABILITY

The standard deviations of the quantities used to calculate lift and drag, including
instrument, transmission, and data-reduction-system errors, are as follows:

W, kilograms (pounds) . . ... ... .. .. . *2,3 (+5)
L - I T IR PR +0, 014
a,8..... e e e e e +0, 003
q, newtons/meter2 (pounds/foot2). . . . . . . +96 (+2)
a,degrees . . . . . ... e e e e e e e e +0,5
M. . e e e e e +0. 01

It is of interest to examine whether the errors of these individual measurements are
random or biased. Errors such as those inherent in the measurement of weight are
biased for each flight; however, these biased errors should become random when data
from several flights are used. The individual measurement errors of the accelerom-
eters, pressure sensors, and angle-of-attack sensors are random. The biased errors
which may occur in these quantities are reduced by careful calibrations, correction to
zero shifts, and proper location of the instruments within the vehicle, Because most
of the errors are random, fairing the flight data should significantly reduce the net
error. The scatter in the flight data increased appreciably during extreme transient

pitch motions; therefore, all flight data with pitch rates above +5 degrees/second were
discarded.

The net random error in the measurement of lift and drag is best represented by
the root-mean-square summation of the random errors. The effect of each error
upon evaluations of the lift coefficient, drag coefficient, and lift-drag ratio are tabulated
below. These errors are typical of the types found in flight results for a lift-drag ratio
of 3. 55 and a dynamic pressure of 12, 000 newtons/meter2 (250 pounds/foot2) and would
be typical for most subsonic Mach numbers.

dc, dc o
Quantity ——, percent ——, percent ——, percent
C C L
L —
D
W +0, 8 +0. 8 -
a, +1.3 +1.4 Negligible
a; Negligible +1,0 Negligible
q +1.4 +1.4 -
+2.5 +3. 1 +3
g +3.25 +3.9 +3

11



of the HL-10 vehicle,

DISCUSSION

Configuration A

Some lift and drag results for configuration A were obtained during the first flight
These data are presented as faired curves in figures 9(a) and

9(b) for three Mach numbers and are compared with the results obtained from the
similar small-scale wind-tunnel mode! (adjusted for scale effects) and the vehicle in

the full-scale wind tunnel,

12

8 12

VA
Y
J

a, deg
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The flight and wind-tunnel lift characteristics are in

Wind tunnel

@®Full scale, M =0.2 (ref. 8
W Small scale, M =0.5)
@ small scale M - 0,6} 9

Flight
M = 0.50
————M=0.55
———M=0.62

(a) Lift curves and drag polars.
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(b) Lift-drag ratios and elevon deflections.

.20

Wind tunnel

® full scale, M = 0.2 (ref. 8
m Small scale, M =0.5)
& Small scale, M = 0.6 {iref. 9

Flight
M =0.50
————M=0.55
—_——— M=-0.6

Figure 9. Lift and drag characteristics of the HL-10 vehicle in Configuration A.



generally poor agreement. The flight drag data at a Mach number of 0. 50 agree
reasonably well with both wind-tunnel results. The flight results indicate a significant
difference in the lift and drag characteristics between Mach numbers of 0. 50 and 0. 62.
This difference is also apparent in figure 10, which compares the flight maximum
lift-drag ratios and the corresponding full-scale and small-scale wind-tunnel results.
The data are presented in this manner to show the obvious decrease in the flight 1ift-
drag ratio at a Mach number just above 0.5. This abrupt change indicates the onset
of flow separation over the upper surface of the vehicle which may have been caused
by an adverse pressure gradient over the inside surfaces of the tip fins. However,

the small-scale wind-tunnel data show a more gradual decrease in (%) at the
max

higher Mach numbers and indicate a gradual growth of regions of separated flow at
Mach numbers above 0. 6. This severe flow separation was alleviated by a major
modification of the tip-fin leading edges, as discussed in the following section.

—it

LDy 2 —

O Flight
@ Small-scale wind tunnel f(adjusted for scale effects), ref. 9
B Full-scale wind tunnel

! I
0 . .2 .3 4 5 .6 N .8

Figure 10. Mach number effect on the maximum lift-drag ratio of the HL-10 vehicle
in configuration A.

Configuration B

After the first flight, the vehicle was modified to configuration B by incorporating
droop in the leading edges of the outboard tip fins (figs. 3 and 4). Lift and drag data
obtained in this configuration at a flight Mach number of 0, 6 and a Reynolds number of
30 x 106, based on the vehicle length, are presented in figures 11(a) and 11(b).

13
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(b) Lift-drag ratios and elevon deflections.

Figure 11. Lift and drag characteristics of the HL-10 vehicle in configuration B. M = 0.6.

Small-scale-model wind-tunnel results (adjusted for scale effects) obtained with

the vehicle in configuration B are presented in figure 12 for comparison with the
corresponding flight results obtained by fairing the data of figure 11.

s

14

The pertinent



Flight, Nge = 30 x 108

——— — Wind tunnel (adjusted for scale effects),
NRe =3.3x 106

-~ /
- /
0 i
8 12 16 20 2] 0 .04 .08 .12 .16
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\
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: ’ \ )
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7/ ~
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0 1 2 3 4 -18 -16 -14 -12 -10
L/D 6€mean. deg

Figure 12. Comparison of results obtained from tests of a small-scale wind-tunnel model and
from flight tests of the HL-10 vehicle in configuration B. M = 0.6.

lift and drag parameters obtained from the flight and wind-tunnel results are presented
in the following table:

dCD
Test “La ©D) min | gc. 2 () “Ls
per deg CL max | per deg
Flight 0. 023 0. 050 0.492 3. 60 0. 049
Wind tunnel . 024 . 042 .463 3.77 . 06l

15



Previous comparisons of results from a blunt-body model and flight vehicle (ref. 14)
showed substantial evidence that the model support sting significantly influenced the
drag of the model. The support sting increased the base pressure of the model, thus
reducing the measured drag. The base pressures (unpublished) of the HL-10 vehicle
obtained in flight indicate that the base may cause as much as 30 percent of the zero-
lift drag at the subsonic speeds investigated, However, a meaningful comparison of
the flight-to-model support sting influence has not been made because adequate data are
not yet available,

Detailed examination of the data in figure 12 indicates that to generate any specific
lift coefficient the flight vehicle requires greater elevon deflection and less angle of
attack than had been predicted by the small-scale wind-tunnel results. This difference
in trim altered the configuration of the vehicle, thus contributing to the significant
difference in the shape of the drag polar between the model and flight results.

The flight results (M = 0, 6) for configuration A are presented in figure 13 for com-
parison with flight data obtained after the vehicle was modified by drooping the leading
edges of the tip fins. The results obtained with configuration A include data which
indicated the presence of flow separation over the upper surface of the vehicle (mentioned
previously). The drag data for the modified vehicle (configuration B) show a significant
reduction in the basic drag and an appreciable gain in the lift-drag ratio when compared
with the results for configuration A, This drag reduction indicates that the modification
to the leading edges of the tip fins reduced the flow separation over the upper surface
of the vehicle.

Configuration A, M = 0.62
— ——— Configuration B, M = 0.6

N
—
N

8 12 16 20 .04 .08 12 .16 0 1 2 3 4
o, deg Cp L/D

Figure 13. Comparison of the lift and drag characteristics of the HL-10 vehicle in
configurations A and B.
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Configuration C

In configuration B the vehicle was limited to a maximum angle of attack by the
maximum available control deflection provided by the mechanical linkage of the control
system. Although this maximum angle of attack was adequate for control of the vehicle
under most flight conditions, the limit was believed to be marginal for the landing
maneuver. Therefore, the configuration was modified to configuration C (fig. 3),
which provided an increased nose-up pitching moment and allowed the vehicle to be
flown at a higher angle of attack.

The lift and drag characteristics of the vehicle in configuration C are presented in
figure 14 for a Mach number of 0. 6 and a Reynolds number of 25 X 108, based on the
vehicle length, The data indicate excellent repeatability of the lift and drag results
from several flights, The results for the lift curve and drag polar (fig. 14 (a)) and

¢, '2 &“’98? f
£

Flight

oo
~o o

a, deg Cp
(a) Lift curve and drag polar.

Figure 14. Lift and drag characteristics of the HL-10 vehicle in configuration C obtained from
three flights. M = 0.6.

variation of mean elevon deflection with lift coefficient (fig. 14(b)) represent a sampling
of data points from four separate maneuvers during three flights, The approximately
500 data points for the lift-drag ratio (fig. 14(b)) represent the total number of samples
taken from these four maneuvers. The points show a maximum scatter of +3 percent
from a faired data curve.
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* Flight

The principal lift and drag data for configurations B and C obtained from the flight
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(b) Lift-drag ratios and elevon deflections.

Figure 14. Concluded.

results are compared in the following table:

CLoz
Configuration per deg (CD) min
B 0.023 0. 050
C . 021 . 055

The data for the two configurations indicate excellent agreement in lift-curve slope.

The increase in minimum drag coefficient and decrease in maximum lift-drag ratio for

configuration C was expected, because of the increased deflections of the secondary

control surfaces. Although the slopes of the CL@ curves are similar, 4° less elevon
e

deflection was necessary to obtain any specific lift coefficient with configuration C.

0.492
.971

-10
demean. deg

ClLge
per deg

0, 049
. 049

(Compare fig. 11(b) with fig. 14(b).) This decrease in elevon deflection for a particular

lift coefficient provided the pilot with the additional longitudinal control, hence angle-

of-attack capability, needed for the landing maneuver.

Some faired flight results are presented in figure 15 for configuration C at Reynolds

numbers of 25 x 106, 45 x 106, and 62 X 10% and Mach numbers of 0. 60, 0.58 to 0. 55,
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Low Reynolds number, NRe =25 x 105 M = 0.60
— — — — Medium Reynolds number, Nge = 45 x 106; M = 0.58 0 0.55
—— - —— High Reynolds number, NRe = 62 x 106; M = 0.55 to 0.50
—— -- — landing flare, Npe = 50 to 60 x 105; M = 0.35 to 0.4
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Figure 15. Effect of Reynolds number and Mach number on the lift and drag characteristics of the
HL-10 vehicle in configuration C.

and 0. 55 to 0. 50, respectively. The variation in drag coefficient indicates some influ-
ence of the Reynolds number variation. The differences in drag (and, hence, maximum
lift~-drag ratio) could, at first, be attributed to differences in the elevon deflection; how-
ever, further examination of the data indicates that, for the lowest Reynolds number, the

lowest (%) (highest Cpy) was obtained with the least amount of elevator deflection.
max

Thus, an adjustment of the drag for the effect of the differences in elevon deflection

would tend to increase the difference in the drag due to Reynolds number. Adequate

flight results at a constant Mach number were not available to define the effects of

Reynolds number independently from those of Mach number, thus some of the noted

decrease in drag may be due to the reduction in Mach number.

Lift and drag characteristics obtained during a typical HL~-10 landing flare are
also presented in figure 15. These results are not directly comparable to the previously
discussed data at a constant Reynolds number because of the lower Mach number and
the Reynolds number variation during the landing maneuver, The data are presented
to show that the HL-10 vehicle attained lift-drag ratios of 4. 0 during the glide-flight
program, and, for essentially similar Reynolds numbers, produced lower drag at
M=0.35 to 0.4 thanat M = 0.5 to 0. 6.
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Configuration D

Lift and drag characteristics obtained from the vehicle 1n configuration D at a
flight Mach number of 0. 6 and a Reynolds number of 25 x 106, based on the vehicle
length, are presented in figures 16 and 17. Because conﬁguration D is used at Mach
numbers above 0. 6, only limited results could be obtained during the glide-flight
program; however, adequate data were available to define the lift and drag characteris-

tics.

[ol®,

:
R

o 59&_,300 f

L

a, deg CD

(a) Lift curve and drag polar.
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&
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0 T 2 3 3 -8 -6 -4 2 0 2 4 6
L/D Bernean. deg

(b) Lift-drag ratios and elevon deflections.
Figure 16. Lift and drag characteristics of the HL-10 vehicle in configuration D. M = 0.6.
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The effect of the speed brakes upon the lift and drag characteristics of configu-
ration D and a comparison of the flight and small-scale wind-tunnel results are shown
in figure 17. An increase of 8° in speed-brake deflection during flight tests produced
an increase in drag coefficient of approximately 0. 007 and a decrease of about 0.2 in
lift-drag ratio for the vehicle in configuration D,

Gsb’

deg
E—— ] .
e——_g ]thht

—— ——— 8, small-scale wind tunnel
fadjusted for scale effects)

.4 ’ A : N
I % )

/ | P

0 8 16 24 .4 .08 12 .16 .20 0 1 2 3
a, deg CD

ol—

Figure 17. Comparison of HL-10 flight results for configuration D with small-scale wind-tunnel results,
and the effect of an 8° speed-brake deflection on the flight results. M = 0.6.

The lift and drag parameters obtained from the flight tests and small-scale wind-
tunnel tests for configuration D are presented in the following table:

Test er de (CD) in ) (ﬁ d
p g mi dC1, max per deg
Flight 0. 020 0. 087 0,483 2.48 0. 029
Wind tunnel . 023 . 078 . 450 2.64 . 030

Comparison of the flight and wind-tunnel lift parameters shows close agreement;
however, the drag results have some obvious differences. These differences are
particularly noticeable in figure 17 which shows the displacement of the drag polars
between flight and wind-tunnel data at common speed-brake settings.
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Effect of HL-~10 Configuration Changes and Comparison of
HL-10 and M2~F2 Flight Data

The flight-determined lift and drag parameters for three HL-10 configurations are
compared in figure 18 and the table on page 23, These data are also compared with
HL-10
configuration
- B
—_—— c

_— D

—_— - ——  M2-F2 (ref. 6)

\
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Figure 18. Comparison of HL-10 flight results for configurations B, C, and D with flight results
obtained from the M2-F2 lifting body vehicle. M = (.6.
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CLa dCD L
Vehicle C . =
per deg ( D)mm dCLz D)max
HL-10, 0. 023 0. 050 0.492 3. 60
Configuration B
HL-10, .021 . 055 . 571 3.33
Configuration C
HL-10, . 020 . 087 .483 2,48
Configuration D
M2-F2 . 022 . 063 . 505 3.16

corresponding data for the M2-F2 lifting body vehicle (ref. 6). The change in the
secondary control deflections associated with modifying the HL-10 vehicle configuration
from B to D increased the basic vehicle drag by as much as 74 percent, In modifying
the vehicle configuration from B to C, the effect of the change in the secondary control
deflections accounts for approximately 14 percent of the increase in (CD)min associ-

ated with the modification from configurations B to D, Because the lift characteristics
of all three configurations are similar, the lift-drag ratios are inversely proportional
to the differences noted in the drag results.

Although the concept of a wingless vehicle was used in designing both the HL-10
and the M2-F2 lifting body vehicles, the configurations are quite dissimilar. A com-
parison of the lift and drag characteristics of each vehicle is presented in figure 18
and summarized in the above table, The similarity of the lift-curve slopes for both
vehicles is of interest, even though the M2-F2 vehicle has a much lower angle of attack
at a specific lift coefficient than the HL-10 vehicle, The maximum lift-drag ratio of the
HL-10 vehicle in configuration B (M = 0. 6) is 14 percent higher than the maximum lift-
drag ratio measured with the M2-F2 vehicle,

The piloting tasks during the landing approach for the HL-10 and the M2-F2
vehicles are definitely different, The M2-F2 landing approach normally began at an
angle of attack of approximately -2° (corresponding to a C; of about 0. 15) along a

glide slope of -25° (which is dependent upon the vehicle's lift-drag ratio). A typical
landing approach for the HL-10 vehicle begins at an angle of attack of about 10° (CL

slightly above 0. 15) and a glide slope of -18°., Therefore, a typical HL-10 landing
approach is performed at an attitude of -8°, whereas the M2-F2 attitude is approxi-
mately -27°, The pilots do not consider the steepness of the glide slopes to be detri-
mental to the overall landing task.

CONCLUDING REMARKS

Subsonic lift and drag results were obtained from glide flights of the HL-10 lifting
body vehicle in four configurations. These results indicated that the maximum lift-
drag ratio (4. 0) of the HL-10 vehicle was attained during the landing flare maneuver
(performed with the landing gear up).
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The lift and drag results obtained during the first HL-10 flight indicated a severe
flow separation over the upper surface of the fuselage between Mach numbers of 0. 5
and 0. 6. The reduction of the basic drag of the vehicle after the tip fins were modified,
when compared with the drag of the vehicle during the first flight, indicated a definite
reduction of the flow separation over the vehicle's upper surface,

The maximum lift-drag ratio of the HL-10 vehicle was larger than that of the
M2-F2 vehicle for similar configurations and Mach number ranges.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., November 20, 1970.
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